The aim of this study was to clarify whether intrapulmonary treatment with BUD attenuates bleomycin (BLM)-induced lung injury and early fibrosis with minimal adverse effects in rats and whether the antedrug BUD has a superior risk/benefit balance to the traditional corticosteroid dexamethasone (DEX).
MATERIALS AND METHODS
Reagents BLM was purchased from Nippon Kayaku (Tokyo, Japan). BUD and DEX (dexamethasone 21-phosphate disodium salt) were purchased from Sigma (St. Louis, MO, U.S.A.). Protein assay Coomassie Brilliant Blue (CBB) solution was purchased from Nacalai Tesque (Kyoto, Japan).
Sircol soluble collagen assay kit was purchased from Biocolor (Belfast, Northern Ireland). Lactate dehydrogenase (LDH) detection kit was purchased from Roche Diagnostics (Mannheim, Germany).
Animals Female Sprague-Dawley rats (weight 180-220 g) purchased from SLC Japan, Inc. (Hamamatsu, Japan) were used in this study. Animals were housed under constant temperature (24Ϯ2°C) and humidity (50Ϯ10%) with a controlled 12 h light/dark cycle. All animal experiments were carried out in accordance with the guidelines of the Kyoto University School of Medicine.
Intrapulmonary Spray Administration Intrapulmonary spray (i.s.) administrations were performed using an IA-1C-R Microsprayer TM (Penn-Century, Philadelphia, U.S.A.) connected to a FMJ-250 high-pressure syringe (Penn-Century) containing 100 ml of the solution. Under a general anesthesia with isoflurane, the tip of the microsprayer was introduced into the rat's trachea using a fiber optic light. 9, 10) Animal Studies On day 0, rats received a single intrapulmonary spray (100 ml) of saline containing BLM (5 mg/kg) or saline alone (sham group only). BUD or DEX dissolved in saline or saline alone was administrated by intrapulmonary spray or intravenous (i.v.) injection on days 1, 3 and 5 (Table 1) . On day 7, a laparotomy was performed and blood was drawn from the abdominal aorta under isoflurane anesthesia, after which the animals were killed, and the lung promptly removed and weighed. Also on day 7, we evaluated the severity of lung inflammation by bronchoalveolar lavage fluid (BALF) analysis and the effect of BUD and DEX on pulmonary injury and early fibrosis by histological evaluation according to the alveolitis score of the lungs.
Cell Counts and Biochemical Studies in BALF BALF was obtained by washing the lung twice times with 2.5 ml aliquots of phosphate buffered saline (PBS) through a tracheal cannula. The BALF was centrifuged (300 g, 5 min, 20°C) and the cell pellet was resuspended and counted using a haemocytometer. The cell-free supernatant was used for biochemical determinations. Total protein concentration was measured by protein assay CBB solution. LDH activity and soluble collagen concentration were measured using commercial kits. Histological Analysis Lung was fixed in 4% buffered formaldehyde and paraffin-embedded 5 mm sections were stained with hematoxylin and eosin. The images were captured using a BX-51 microscope equipped with a DP-25 CCD camera (Olympus, Tokyo, Japan). The severity of alveolitis was blindly assessed semi-quantitatively, according to the criteria previously described by Yao et al.
11)
Corticosteroid Detection by High-Performance Liquid Chromatography (HPLC) Bud or DEX was administrated to rats via i.v. or i.s. routes as a bolus dose of 1 mg/kg. The rats were sacrificed 0.5, 1, 3, and 6 h after start of administration (three animals at each time point). Plasma and lung were collected at all time points. The amount of BUD or DEX in plasma or lung homogenate was determined by modifying a method that had been described previously. 12, 13) Lung treated with DEX was homogenized in 1 mM NaOH. The homogenate was shaken in ethyl acetate, centrifuged and the organic layer was collected and dried. Plasma samples treated with DEX were extracted with 1 mM NaOH. In the case of BUD, plasma samples were extracted with 0.5 N HCl. Similar procedures to those used for DEX were used for quantification of BUD. Lung treated with BUD was homogenized in 0.9% saline solution at pH 5.0 prepared with 1% 0.5 N HCl instead of 1 mM NaOH. The resultant samples (10 ml) were injected onto an HPLC system (GL-7410, GL Sciences, Tokyo, Japan) with a variable-wavelength UV detector (GL-7451, GL Sciences) to detect corticosteroid levels. BUD or DEX concentrations are expressed in micro molar, assuming a tissue density of 1 g/ml.
Statistical Analysis All values are expressed as the meanϮS.E. and statistical analysis was designed to test for differences using one-way ANOVA as a primary comparison. Post-hoc analysis was performed with Dunnett's procedure. Differences were considered to be significant at pϽ0.05.
RESULTS

Intrapulmonary Treatment with DEX Attenuates BLM-Induced Lung Injury and Fibrosis
To test the ability of DEX to attenuate BLM-induced lung injury and fibrosis when administered intrapulmonally, rats received an intrapulmonary spray of BLM or saline on day 0, followed by an intrapulmonary spray of DEX (1 mg/kg) or saline on days 1, 3 and 5. On day 7 the rats were evaluated (Table 1) . Total cell numbers, soluble collagen and total protein in BALF were increased in BLM-sprayed rats compared with saline-sprayed rats. As shown in Fig. 1A , intrapulmonary treatment with DEX reduced total cell numbers, soluble collagen and total protein in BALF compared with saline-treated rats. Increased total protein concentration in BALF is an important marker of damage to the alveolar-capillary barrier of lung.
14) Soluble collagen in BALF or lung tissue is one of the markers of early-fibrosis. 15, 16) Histological examination showed that intrapulmonary treatment with DEX suppressed the infiltration of inflammatory cells into the alveoli and interstitium in the lung (Figs. 1B, C) .
Intrapulmonary Treatment with DEX Induces Undesirable Systemic Effects Steroids suppress various inflammatory symptoms but also induce various side effects. Figure  2 represents the undesirable effects of DEX (1 mg/kg) on spleen and thymus weights in normal, bleomycin-induced and DEX treated rats. Body weights, spleen/body and thymus/body weight ratios were decreased in DEX-treated rats compared with saline-treated rats. Also, white blood cell counts were decreased in DEX-treated rats compared with saline-treated animals (data not shown). These results suggest that intrapulmonary treatment with DEX induces the undesirable systemic symptoms.
Effect of BUD or DEX on Body, Spleen, Thymus and Lung Weights of Rats with BLM-Induced Lung Injury and Fibrosis It has been reported that BUD antedrug shows few side effects compared with other steroids. Therefore, intrapulmonary treatment with BUD would be expected to result in decreased undesirable systemic indices in the BLM model compared with DEX-treated rats. Rats received an intrapulmonary spray of BLM or saline on day 0, followed by a treatment of BUD (0.2 mg/kg, i.s.), DEX (0.2 mg/kg, i.s. or i.v. routes) or saline (i.s.) on days 1, 3 and 5. On day 7 the rats were evaluated (Table 1) . Body weights, and spleen/body and thymus/body weight ratios, were decreased in DEX- 3A-C). Intrapulmonary treatment with BUD also attenuated the undesirable systemic symptoms: thymus/body weight ratio was less affected in BUD-treated rats compared with DEX-treated rats (Fig. 3C ), but the changes were minimal in term of body weight (Fig. 3A) and spleen/body weight ratios (Fig. 3B) . In contrast, lung/body weight ratio was decreased in BUD-treated rats compared with DEX-treated rats (Fig.   3D ). These results indicate that intrapulmonary treatment with BUD is less toxic than treatment with DEX in BLMinduced rats at a dose of 0. LDH and total protein in BALF were increased in BLM-induced rats compared with saline control rats, and all the parameters were significantly decreased in BUD-treated rats compared with DEX-treated rats (Fig. 4) . LDH activity in BALF represents the extent of damage to lung cells and a general marker of cell injury. 14) In addition, intrapulmonary treatment with BUD (twice a week for 2 weeks) was less toxic and more effective than treatment with DEX in BLMinduced rats on day14 (data not shown). These results suggest that intrapulmonary treatment with BUD is superior to that with DEX in term of immunosuppressive efficacy at a dose of 0.2 mg/kg. Pharmacokinetic Profiles of BUD and DEX by Intrapulmonary or i.v. Treatment Finally, to assess the difference between the pharmacokinetic profiles of BUD and DEX in blood and lung, rats were given an intrapulmonary spray or i.v. injections of DEX or BUD at a dose of 1 mg/kg. Subsequently, the time-course changes in the plasma and lung levels of DEX or BUD were determined. As shown in Fig.  5a , BUD exhibited improved drug levels in lung, followed by slower clearance from lung when compared with DEX. It was clear that BUD remained in lung tissue for more than 3 h after spraying, whereas DEX disappeared after 3 h. The area under the curve (AUC) of BUD was 6.6-fold higher than the AUC of DEX in lung (Table 2) . On the other hand, DEX was present in the plasma 6 h after intrapulmonary spraying and its elimination half-life was 4.2 h, whereas BUD was not detectable from 30 min up to 6 h (Fig. 5B, Table 2 ).
DISCUSSION
The present study demonstrated the following: (i) intrapulmonary treatment with BUD attenuates various inflammatory and fibrotic indices with minimal systemic adverse effects compared with DEX and (ii) pharmacokinetic analysis of both corticosteroids reveals that BUD exhibits slower clearance from the lung than DEX.
Current therapeutic strategies for treating lung fibrosis are aimed primarily at controlling the inflammatory process, often through the systemic administration of corticosteroids, which have been the first line of therapy for pulmonary fibrosis since the 1950s. 17) When high-dose corticosteroids are used in trials, significant and often irreversible adverse effects observed include weight gain, hyperglycemia, osteoporosis, avascular necrosis and gastrointestinal effects. 4, 17) Inhaled corticosteroids (ICS) are the most common antiinflammatory treatment for asthma, rhinitis, cystic fibrosis and chronic obstructive pulmonary disease (COPD). 6, 7, 18) ICS treatment using inhalation devices provide relief of symptoms with few of the clinical side effects that are found with systemically administered corticosteroids. They are first-line therapy for control of asthma in all patients with persistent disease and have a central role in the treatment of asthma. ICS include BUD, fluticasone, beclomethasone and ciclesonide. They are delivered by inhalation devices, which can be divided into three categories: nebulizer, metered-dose inhaler (MDI) and dry-powder inhaler (DPI). 19) The results of a radiolabeled deposition study showed that approximately 20% of the emitted dose from a nebulizer and approximately 50% of the emitted dose of ciclesonide from a MDI were deposited in the lungs. [20] [21] [22] In this study, we found that ICS delivery to the lung induces optimal efficacy with minimal toxicity in a model of BLM-induced injury and fibrosis in rats compared to conventional and long-acting steroids; this result was based on the pharmacokinetic profiles of the antedrug. For toxic indexes by BUD and DEX in rats, we used thymus and spleen weights as a marker of glucocorticoid activity. 23, 24) BUD has been shown to be retained in local-administrated tissue to a greater extent than conventional glucocorticosteroids, due to the intracellular formation and retention of BUD fatty acid esters. 25) BUD is more rapidly metabolized by the liver than DEX. It has been reported that DEX was absorbed rapidly after intramuscular dosing (absorption half-life of 14 min) with 86% bioavailability with a terminal half-life of 2.3 h after drug administration in rats. 26) DEX is rapidly transferred from administrated tissue to plasma with long terminal elimination half-life and low clearance.
Generally, the advantage of intrapulmonary delivery of corticosteroids is the following: (i) it delivers high drug concentrations directly to the disease site; (ii) it minimizes risks of systemic side effects and (iii) it can bypass the barriers to therapeutic efficacy such as first-pass metabolism in the liver. Although inhaled medications are widely accepted as the therapy for asthma and rhinitis, research on intrapulmonary drug delivery is still few, e.g. the chemotherapy of lung cancer and the administration of protein drugs like insulin. 27) To explore novel therapies for intractable pulmonary disease, drug action in disease lesions by Drug Delivery Systems (DDS) in combination with the advantage of using antedrugs will be beneficial. By avoiding undesirable systemic drug effects, our approach may improve the risk/benefit balance in the clinic. In a review of ICS, Cerasoli illustrated the profile of the ideal ICS. The ideal ICS would have a larger therapeutic range than currently available agents, allowing doses to be increased without greatly increasing the frequency or severity of adverse events. The ideal ICS would possess the following pharmacokinetic properties to maximize efficacy and minimize side effects: high pulmonary deposition, conversion to an active metabolite, high receptor potency, high pulmonary retention, low oral bioavailability, extensive metabolism, and rapid elimination. 7) We think that the profile of the ideal ICS is very similar to the concept of the antedrug and the profile of the ideal aerosolized drugs for treating lung diseases. Small interfering RNA, gene therapy, antibodies and peptides possess these ICS-like profiles and would be the next generation of antedrugs. To date, various gene targets for pulmonary fibrosis have been identified as potential mediators of fibrosis and inflammation, including TGF-b, TNFa, Interleukin-1b and Interleukin-13. [28] [29] [30] The ideal device for drug delivery to the lung would reduce the number of hurdles in the clinical development of novel therapeutics, such as next-generation antedrugs for lung disease.
In conclusion, intrapulmonary treatment with BUD attenuates various inflammatory and fibrotic indices with minimal systemic adverse effects compared with DEX. These findings suggest that the combination of intrapulmonary delivery and the antedrug approach is useful for the treatment of pulmonary fibrosis.
